Abstract -A new extraction process using ethanol at a temperature above boiling point is assessed from an economic point of view. The study was based on an assessment of the main operating costs adjusted by Lang's factor. Operating costs were assessed based on energy consumption calculated using a model of the process developed from experimental results, and for a hypothetical unit with a 160 000 t/year rapeseed crushing capacity. The processing cost was estimated at 47.4 € per ton of processed seed. Amortization represented 35% of this cost, energy 32% and manpower 10%. Uncertainty about investment is the main factor that could lead to significant error in this cost, but this uncertainty could be offset by an adjustment of the amortization duration, most of the equipment being durable. Profit generated by the process relies principally on a better valuation of the meal: higher value comes from higher protein content and quality on the market for GM-free high protein feedstuffs. Oil quality is also improved by a lower oleic acidity, low phospholipid content and pigment concentration. This gain was estimated at 2.5% of the crude oil value. Unlike the conventional hexane process, hot ethanol extraction produces molasses in small proportions. Molasses value was set at 70% of corn price. The process profitability appears sufficiently positive to justify further research to test the hypothesis underlying our model. The main uncertainty lies in the performance of the process in real conditions of counter-flow extraction and solvent regeneration.
Introduction
The food sector in France is one where consumers are overwhelmingly placing quality before price (Tavoularis et al., 2015) . Confidence is a prerequisite that the large retail chains are trying to consolidate by setting requirements for the products they market under their own brands. Similarly, independent-label and controlled-origin products also want stringent specifications to meet consumer expectations (Doyon and Bergeron, 2015) . Animal welfare, environmental impact of production and other societal concerns are more and more often included in these requirements. Feeds must meet increasingly stringent specifications, banishing GMOs, and any substances suspected of being harmful to animals and/or consumers. In this sector, competition is also driven by the requirements of the specifications and the level of guarantees given to the consumer. Our assumption is that an offer on this market of hexane-free meal may meet a latent demand, if only because of the growing market share of organic products. Unlike hexane, ethanol is a solvent of agricultural origin and also a food item in the diet of a large part of the population. It is on the list of authorized solvents for the processing of products from organic farming (European Commission Regulation (EC) No. 889/2008) , and its image among consumers does not pose any particular problems. Ethanol extraction also matches several of the principles of Green Extraction enumerated by Chemat (Chemat et al., 2012) . Beyond avoidance of hexane and more specifically n-hexane, the process respects first and second principles (use of renewable resource / solvents) because of the agricultural origin of the solvent. Energy conservation (3rd principle) is compatible with ethanol extraction because of the non-distillation recovery of the oil fraction provided that best available techniques are also used for the drying operation and proteins desolventization. Coextraction of carbohydrates and oil in the same time is a step in the direction of bio-refinery (4th principle) that could result in further fractionation and valuation of secondary metabolites like sinapine and phospholipids. Robust and simple operation like dephasing the neutral lipids by temperature change and higher purity of the lipids fraction resulting from that method of separation are in accordance with fifth and sixth principles.
The present study set out to evaluate the economic feasibility of a process using ethanol at a temperature higher than boiling point and using a solid/liquid separation in hydrocyclones. This technology has already been proposed by Lars Linnet of Alfa Laval for the extraction of fishmeal (Linnet, 2012) . Its main advantage is that it can solubilize more oil in the solvent than at lower temperature, and can recover the oil by cold phase shift. On the other hand, it requires working with a very specific particle size range, which requires grinding in a solvent medium.
This study follows laboratory work modeling the kinetics of extraction and characterizing the products derived from ethanol extraction. A countercurrent extraction model based on these results was developed that enabled us to evaluate the energy flows necessary for the operation of the process. The material balance used here is also derived from the same laboratory-scale study.
Warning
The objective of this work was to collect the available data and evaluate the hypotheses necessary to develop an estimate of the process costs and to evaluate the feasibility of a hot ethanol extraction process on an industrial scale. With a more complex and constraining process, including the need for preliminary strong drying, desolventization under reduced pressure and managing a third product stream (molasses), our process cannot compete with the regular hexane process without improving the value of resulting proteins and oil. Our work is limited to a proof of concept focused on the sensitive points of the process: we have therefore not studied the valuation of these products. Consequently, the reader is warned that our hypotheses are not based entirely on historical information or scientific evidence, but to some extent on subjective though cautious estimations.
Our previous study produced a numerical model of counter-flow extraction that was used to evaluate capital and operational costs (Turton et al., 2015) . In addition, based on oil and meal composition, we undertook the more difficult task of assigning a value to these new products that have no equivalent on the market. Although it was relatively simple to give a value to the higher protein content of the meal, the "hexane-free" property cannot readily be valued. This feature anticipates an expectation of the market, but in the area of defatted meals, in the absence of an actual offer, only a hypothesis is possible. We consider here that a segment of the market is ready to acknowledge that ethanol-extracted meals have an advantage in terms of naturalness over hexane-extracted meals, just as non-GMO soybean meals command a higher price for feeding animals bred under quality labels and produced according to stringent specifications.
Setting up an industrial model
According to experts, the market in France for our improved meals could absorb the production of a unit processing 160 000 t of rapeseed per year. Figure 1 depicts the process.
Seed drying
In the hot ethanol process, it is indispensable that the water content of seeds is reduced to less than 3% to prevent waterenrichment of the solvent (Hron et al., 1982) . Such water gain would result in a decreasing ability of the solvent to dissolve the oil. A very low water content is desirable, but given that oil solubility depends also on temperature, and that solid/liquid separation with hydrocyclones requires a relatively high solvent-to-solid ratio, further drying is not required. A drying device for achieving this level of performance cannot be a conventional seed dryer in which warm air is blown into a bulk of seed, for two reasons: high risk of fire with oilseeds of low water content (Noel and Krapf, 1986) and low energy efficiency when the heat transfer is by heating air and the initial moisture of the seed is already low. However, oil-mills use conditioners where heat transfer is achieved by heating the seeds instead of air, and in which the air mass is driven through the seeds to maximize the heat efficiency (Carré, 2012) . These devices deploy large exchange surfaces, and we consider that they could be used in a way that combines temperatures not exceeding 70°C in the seeds with relatively high heat efficiency.
Wet-milling of the seeds in the solvent
This step is very important since it conditions a good solid/ liquid separation in the hydrocyclones, and determines extraction duration. Our work highlights the negative impact that a small proportion of insufficiently ground particles can have on oil recovery. It is thus necessary to have an efficient device. Experiments carried out with different technologies failed to give the desired quality of milling, so we resorted to a dry milling system that was not entirely satisfactory. However, experts involved in the project estimated that the required particle size profile could be obtained at an industrial scale by including a recycling system to screen out the largest particles and convey them back to the mill.
Extraction
This is carried out at a temperature of 90-95°C in a module composed of hydrocyclones functioning in partial counter-flow. This module has five stages of separation and two stages of clarification to remove the solid particles of the miscella. The solvent is mostly a lean miscella resulting from the cold precipitation of neutral lipids. The counter-flow is considered partial because some of the fresh solvent should be introduced with the solid at the wet milling point. The energy cost of raising the suspension temperature to 95°C is moderated by heat recovery in exchangers where inflows take heat from outflows.
Final decantation of the meal
Hydrocyclones will not work with non-liquid material, so the underflow leaving the extraction has to be mechanically desolventized by a centrifuge decanter. Before this operation, it receives a flow of pure solvent derived from the condensation of the desolventizer and from solvent regeneration.
Liquid/liquid separation of miscella
Solubility of oil in ethanol being temperature-dependent, the miscella is cooled to precipitate the neutral lipids. The temperature in the model was set to 0°C to minimize the retention of neutral lipids in the lean miscella. The pour point of rapeseed oil being À 32°C (Blin et al., 2013) , it should remain sufficiently liquid for a vertical plate centrifuge. A static decantation would be a cheaper alternative for this part of the process, but considering the high flow of miscella, the volume of the decanter could be very large.
Meal desolventization
This operation has to be carried out under reduced pressure to avoid damaging protein. A paddle drier is the solution we advocate. A pressure of 450 mbar corresponding to the boiling point of azeotropic ethanol at 57°C was chosen. No direct steam is employed, to prevent enrichment of the solvent in water. In contrast with hexane, the presence of up to 1% of ethanol residues in the meal can be considered acceptable, since ethanol is miscible in water and the meal Topical Issue contains about 10% of water. This liquid phase is bound to the solid, and this bonding reduces the vapor pressure of ethanol.
Partial regeneration of the solvent
This operation is necessary for the removal of the nonlipids extracted by the hot ethanol. It results in the desolventization of the molasses. We hypothesized that the latent heat of vaporization of the solvent vapors from the paddle drier could be used to evaporate some of the lean miscella. For this purpose, the evaporator would function at 100 mbar and take into account the lower density of the vapor.
Oil finishing
Another evaporator is required to strip the oil from the liquid/liquid decantation, since this phase contains about 10% of solvent. This operation would be carried out under vacuum, and require a small injection of direct steam.
Other
Utilities and further operations such as molasses finishing and building costs were not studied, but their costs are included in Lang's factor.
Determination of the process costs 4.1 Evaluation of the investment
This study is an approximate approach based on an assessment of the main equipment, to which a multiplying factor is applied to take into account all the costs generated by the installation and commissioning (buildings, utilities, ancillary equipment, structures, piping, storages, studies). Lang's factor is generally 3.6 for complex installations functioning with liquids. A smaller value was retained for the seed drying because it concerns solids, like the desolventization of the meals, the cost including ancillary equipment. Table 1 lists these costs; Table 2 states the origin of the figures.
Building and storage are amortized over 15 years. Financial costs were estimated based on loans with an interest rate of 3% and a 7-year repayment period. For manpower, it was considered that the factory would require a staff of 16 persons. The plant would work 8000 hours per year with 5 teams of two, each worker doing 1600 hours per year. Operational teams would include a skilled collaborator and a lower-wage worker. Two supervisors would support these teams and ensure scheduling. The staff also includes a maintenance specialist and a person in charge of logistics and storage. A processing engineer manages the unit, assisted by an The cost of storage includes a 6000 t silo for seeds, 3600 t for meals, 4000 t for oil and 500 t for molasses. The cost is based on a review of press releases on new storage facilities in France. An average investment of 185 €/t was found for the grains. For the liquid storage, the value (137.5 €/t) is from the database of Turton (Turton et al., 2015) . The land cost(5000 m 2 ) was estimated based on 38 €/m 2 according to the average of a sample of offers available on various real estate websites consulted in October 2017 (France). The process modeled to determine the flow of solvent (lean miscella and distilled alcohol) required reaching the low oil residues hypothesized. These flows were computerized for calculation of the heat flow (heat recovery, steam consumption and cooling energy) necessary for the processing. Energy costs were estimated based on the model. Steam kWh cost was estimated at 0.025 € according to natural gas prices and treated water costs. Electricity costs were taken from a public database (Pégase) belonging to the French Ministry of the Environment for the consumption bracket of 2 to 20 GWh/Yr (86.5 € per MWh). The financing requirement of the operating cycle corresponds to the remuneration of the fixed assets to ensure operation (seed purchases, wages, etc.). It was estimated at 2 months of operation. The interest rate was set at 90% of the rate for investment. Table 3 recapitulates all these costs.
Sensitivity to uncertainty
The principal costs being amortization, steam and workers, Figure 2 presents the effects of varying these factors around the central value. The uncertainty in investment costs is the one with the greatest impact on the processing cost. A 33% higher investment cost would increase the processing cost by 6.4 €/t. The same error in workers costs would lead to a 1.4 €/t rise and 2.8 €/t for steam. By its nature, the Lang's factor method is not very accurate; the reader should keep in mind this uncertainty.
Assessment of income
The main difference between the conventional and ethanol extractions is the production of molasses, mainly composed of non-lipid-soluble material. Molasses results from the partial distillation of the lean miscella. As a result, the meal contains a higher protein content and less oil residue. Molasses also contains lipids, which explains the lower oil yield. These lipids contain phospholipids and free fatty acids, so this loss is offset by a better quality of crude oil. Hence, the crude oil will generate fewer losses at the refining step, and lower consumption of caustic soda, phosphoric acid and bleaching earths. Table 4 presents the avoided costs in oil refining resulting from the ethanol processing. This cost reduction represents 3.2% of the crude oil cost. We considered that 80% of that improvement would be reached in operational processing, and a 2.5% rise of the oil value is taken into account. This assessment is conservative, since the Capex related to neutralization was not considered.
Concerning the meal value, we consider an improvement of the protein content from 33.3% (Terres Inovia, 2016) to 38.5% because of the partial extraction of carbohydrates by ethanol. The protein KOH solubility is on average 46%, versus 80% in the ethanol process. This should lead to an improvement in protein digestibility, on which no data are available. We nevertheless considered a gain of 7% in comparison with regular rapeseed meal. Combining the protein concentration and digestibility improvement gives an equivalent meal protein content of 41.2% (123.8% of regular meal). We also considered that the unique combination of high protein content, the "hexane-free" character of the meal and its low-fat content could interest the GM-free high protein feedstuffs market. In France, GM-free soybean costs on average 20% more than the regular meals. Our hypothesis is that the ethanol rapeseed meals are worth 10% more than their hexane counterparts. By cumulating the concentration effect and access to the high protein GM-free market, we can envisage a 36% value rise for the ethanol meal.
Topical Issue

Molasse value
Assigning a value to the molasses is hard, because there is no equivalent on the market. With 20% lipids, this material has high energy value. Molasses from the sugar extraction has roughly the same energy content as that from corn. In the case of rapeseed, carbohydrates and lipids are likely to contain large amounts of phenolic compounds, leading to dark coloration and bitterness. It was therefore decided to give the molasses a value equivalent to 70% of that from corn (114 €/t).
Profits
Based on the above data, we calculated the crushing margins. The gross margin is the difference between the sums of products (material balance per unit value of the products) and the value of the rapeseed (June 2017). We compared the conventional process and the ethanol extraction process. The hexane extraction cost was set at 30 €/t for the comparison. Cheng and Rosentrater (2017) recently modeled the cost of hexane extraction of soybean for different capacities. For units with a capacity of 1 Mt/year, they found a crushing cost of 36.9 $/t (31 €/t), which is close to our rough assessment. This cost in reality depends on the mill capacity, the amortization of its equipment, its energy efficiency, etc. Table 5 gives the amount of each product resulting from both processing methods and their valuation. There is an added value of 32 €/t of seed for the gross margin, and 14.6 €/t after the processing cost. The calculation shows that the lower oil production is substantially offset by its value improvement. The meal value is responsible for the main added value, with 22 € per ton of seeds, whereas the molasses generates only 7.7 € per ton of seed (1.5% of the total).
Sensitivity to uncertainties in the net margin differential (Dnm)
We call net margin differential (Dnm), the difference between the crushing margin of the two processes after deducting the processing costs. Figure 3 presents the sensitivity of Dnm to the valuation of the products. For the meal, 0% on the horizontal axis corresponds to the 36% of value improvement that we have taken in account, À100% on the axis corresponds to a valuation at the level of conventional meal. With oil À100%, 0% and 100 % on the horizontal axis correspond respectively to 0, 2.5% and 5% of value improvement. For molasses, the values range from 0 to 228 €/t. The valuation of the meal is the key factor in the ethanol extraction process, since Dnm decreases quickly and reaches zero for À40%, i.e., when the added value falls below 122% of the conventional meal. This level corresponds to improvement in the protein concentration and digestibility. These estimates give sufficiently solid grounds to assume the profitability of the process provided the cost assessment is accurate.
Uncertainty in the oil losses
Concerning the oil recovery, our study did not include a long-duration trial in a real continuous extraction situation. Our estimations of the oil recovery are therefore not based on experimental data. The recovery of the oil left in the lean miscella needs to be observed over a long duration, because it is possible that enrichment of the solvent with polar lipids will increase the neutral oil retention in the solvent. Hence, more oil would go toward the molasses and the meals. To plot Figure 4 , we started from the observation that our theoretical scheme predicted a negative difference of 8 kg of oil per ton for the hot ethanol process, knowing that 13 kg goes to the molasses offset by 5 kg taken from the cake. We then postulated that the losses could range from 50% of our base assumption to 200%, i.e., values between 4 and 24 kg/t. The non-recovered oil is allocated 32% to the cake and 68% to the molasses. The impact of these losses is far from negligible, since we can see that an increase of 50% in these losses makes us lose 2.4 €/t of seed.
Conclusion
The feasibility of the hot ethanol extraction process seems to meet our expectations.
However, we must remember that the hypotheses advanced here are based only on a laboratory experiment, which can do no better than approximate the performance of a continuous counter-current system. We have seen that the profitability of the set-up requires perfect control of the oil losses, and strongly depends on the selling price of the cake. Uncertainty in the costs of the process remains substantial.
These results are an incentive to continue experiments on a pilot scale in conditions closer to the actual process in order to validate the estimated material balances, and solve the questions related to the grinding of the seeds to obtain the required particle size distribution. Experiments will also be needed to carry out nutritional tests on cakes that will ensure the price levels necessary for the process to be economically viable.
In conclusion, using ethanol to replace hexane leads to higher crushing costs, but these costs could be offset by a higher value of the meal in the case of rapeseed. This possibility is of importance in an oilseed sector strongly affected by change of policy concerning biodiesel in Europe. 
